The activation of NF-B downstream of T cell receptor (TCR) engagement is a key signaling step required for normal lymphocyte function during the adaptive immune response. During TCR signaling, the adaptor protein Bcl10 is inducibly recruited to the CARD11 scaffold protein as part of a multicomponent complex that induces IB kinase (IKK) activity and NF-B activation. Here, we show that a consequence of this recruitment is the TCR-induced conjugation of Bcl10 with linear-linked polyubiquitin chains to generate the signaling intermediate Lin(Ub) n -Bcl10, which is required for the association of Bcl10 with the NEMO subunit of the IKK complex. The TCR-induced generation of Lin(Ub) n -Bcl10 requires Bcl10 lysines 17, 31, and 63, CARD11, MALT1, and the HOIP subunit of the linear ubiquitin chain assembly complex (LUBAC) but not the HOIP accessory protein SHARPIN. CARD11 promotes signal-induced Lin(Ub) n -Bcl10 generation by co-recruiting Bcl10 with HOIP, thereby bringing substrate to enzyme. The CARD11-HOIP interaction is rendered TCR-inducible by the four autoinhibitory repressive elements in the CARD11 inhibitory domain and involves the CARD11 coiled-coil domain and two independent regions of HOIP. Interestingly, oncogenic CARD11 variants associated with diffuse large B cell lymphoma spontaneously induce Lin(Ub) n -Bcl10 production to extents that correlate with their abilities to activate NF-B and with their enhanced abilities to bind HOIP and Bcl10. Our results define molecular determinants that control the production of Lin(Ub) n -Bcl10, an important signaling intermediate in TCR and oncogenic CARD11 signaling.
The clearance of pathogens by the adaptive immune system relies upon signaling pathways that activate the NF-B transcription factor following the recognition of foreign antigens by the T cell receptor (TCR) 4 and B cell receptor (BCR) complexes on lymphocytes (1, 2) . NF-B controls the induction of programs of gene expression required for lymphocyte activation, proliferation, and survival. The failure to signal to NF-B downstream of antigen receptor engagement can result in immunodeficiency and the increased susceptibility to infectious disease (3, 4) .
TCR and BCR signaling to NF-B proceeds through the multidomain scaffold protein CARD11, which inducibly recruits several signaling proteins into a complex for the activation of IKK complex kinase activity (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The IKK complex then phosphorylates IB proteins, leading to their ubiquitinylation and proteasomal degradation and the stable nuclear translocation of NF-B. CARD11 scaffold activity is signal-inducible, due to the presence of an inhibitory domain (ID) in CARD11 that regulates the transition of CARD11 from an inactive to an active scaffold in response to TCR or BCR triggering. Prior to receptor signaling, the ID maintains CARD11 in a closed inactive state through intramolecular interactions that require the CARD and coiled-coil domains of CARD11 and that prevent the recruitment of signaling cofactors (15) . The ID achieves its autoinhibition through four repressive elements (REs) that function cooperatively with redundancy (16, 17) . Upon antigen receptor engagement, the inhibitory activity of the REs is neutralized, in part through the phosphorylation of specific serines within the ID, allowing CARD11 to assemble a multiprotein signaling complex (15, 18, 19) . Factors that are recruited to CARD11 in a signal-dependent manner during normal antigen receptor signaling and that are required for activation of IKK kinase activity include Bcl10, MALT1, TRAF6, NEMO (also known as IKK␥), caspase-8, and CK1␣ (15, 20) .
The antigen receptor signaling pathway is often dysregulated in leukemias and lymphomas, leading to the constitutive activation of NF-B, which can contribute to the growth of trans-formed lymphocytes and potentially to the resistance to chemotherapeutic agents (21) . Diffuse large B cell lymphoma (DLBCL), the most common form of non-Hodgkin lymphoma, has been divided into subtypes based on patterns of gene expression. The activated B cell-like (ABC) subtype is characterized by the constitutive activation of NF-B, which is required for the proliferation and survival of ABC DLBCL cells in culture (22) . The aberrant signaling to NF-B in ABC DLBCL requires CARD11 (23) . In addition CARD11 is mutated with gain-of-function mutations in ϳ10% of human ABC DLBCL cases, which can account for their observed receptor-independent signaling to NF-B (24) . These oncogenic gain-of-function CARD11 mutations are located in the CARD, LATCH, and coiled-coil domains of CARD11 (24 -29) , and previous studies have demonstrated that they hyperactivate CARD11 activity by disrupting autoinhibition by the CARD11 ID (16, 17, 30, 31) . Interestingly, the most active oncogenic CARD11 mutations selectively enhance the ability of the protein to associate with Bcl10 but not to other signaling cofactors so far examined (30, 31) .
Several NF-B-inducing signaling pathways have been shown to depend on the modification of one or more signaling proteins with linear ubiquitin chains, chains in which the N and C termini of ubiquitin are covalently linked (32) . For example, the linear ubiquitinylation of RIP1 and NEMO is required for NF-B activation by TNF␣ (33) (34) (35) . The modification with linear ubiquitin chains can promote the binding of the modified substrate with other proteins that contain domains that specifically recognize linear chains. NEMO itself has been shown to bind linear ubiquitin chains with high affinity (36, 37) . The E3 ligase responsible for linear ubiquitinylation is the linear ubiquitin chain assembly complex (LUBAC), which is commonly composed of three subunits, HOIP, HOIL-1L, and SHARPIN (33) (34) (35) . Although a role for LUBAC in several pathways has been definitively demonstrated, it remains poorly understood how LUBAC targets its substrates for modification during signaling in a regulated, inducible manner.
Recently, several groups have linked LUBAC function to both normal and dysregulated antigen-receptor signaling, with seemingly disparate results. Yang et al. (38) discovered the enrichment of HOIP germline polymorphisms in DLBCL that increase LUBAC enzymatic activity and concluded that LUBAC-mediated modification of NEMO contributes to the constitutive BCR signaling to NF-B that is a signature feature of ABC DLBCL. In contrast, Dubois et al. (39) concluded that LUBAC plays a non-catalytic role in antigen receptor signaling and in DLBCL based on the observation that a catalytically compromised mutant of HOIP was able to rescue HOIP-deficient Jurkat T cells in assays that measured TCR-induced NF-B activation. Consistent with the latter, Sasaki et al. (40) reported that the inducible deletion of the RBR domain of HOIP, which is required for catalytic activity, in murine B cells had little effect on BCR signaling to NF-B. However, in an unbiased survey of proteins ubiquitinylated during BCR signaling, Satpathy et al. (41) discovered that Bcl10 is conjugated with linear ubiquitin chains in response to BCR engagement. Furthermore, Yang et al. (42) also observed Bcl10 linear ubiquitinylation during the dysregulated chronic BCR signaling associ-ated with ABC DLBCL, in a step proposed to lie downstream of the cIAP-mediated modification of Bcl10 with Lys-63-linked polyubiquitin chains. Therefore, it has remained unclear whether there is a different requirement for HOIP E3 ligase activity in TCR signaling, as opposed to BCR signaling, and whether linear-ubiquitinylated Bcl10 is an important intermediate in TCR signaling to NF-B. Furthermore, because cIAPinhibitory agents are ineffective for ABC DLBCL samples that harbor an oncogenic CARD11 allele (42) , it has not been established to what extent oncogenic CARD11 variants that occur in ϳ10% of ABC DLBCL cases also depend upon HOIP and the linear ubiquitinylation of Bcl10 for their dysregulated NF-B activation, and if so, how these hyperactive variants promote Bcl10 ubiquitinylation.
In this report, we examine whether Bcl10 is modified with linear ubiquitin chains during TCR signaling and probe the mechanism and consequence of this modification. We find that CARD11 scaffold activity during TCR signaling inducibly recruits HOIP to Bcl10, leading to the linear ubiquitinylation of Bcl10, which is required for the association of Bcl10 with NEMO. Furthermore, we find that DLBCL-associated oncogenic mutations in CARD11 increase the ability of CARD11 to associate with the HOIP subunit of LUBAC and stimulate the linear ubiquitinylation of Bcl10 in a constitutive dysregulated manner even in the absence of antigen receptor engagement. We quantitatively assess the extent to which normal and oncogenic CARD11 signaling depends on HOIP activity and the polyubiquitinylation of Bcl10.
Results

Bcl10 Is Ubiquitinylated with Linear Chains during TCR
Signaling-To determine whether Bcl10 is linearly ubiquitinylated as a consequence of TCR engagement, we stimulated Jurkat T cells with a time course of anti-CD3/anti-CD28 antibodies, immunoprecipitated Bcl10 under denaturing conditions to prevent isolation of co-associating proteins, and probed the precipitates with an antibody specific for linear ubiquitin chains. We observed signal-dependent linear ubiquitinylation of Bcl10, which peaked after 30 min of TCR cross-linking ( Fig.  1A) . We observed a similar result after treating Jurkat T cells with phorbol 12-myristate 13-acetate (PMA) and ionomycin (PMA/iono) ( Fig. 1B) , indicating that TCR-proximal signaling events that are bypassed by PMA/iono treatment are not required for Bcl10 linear ubiquitinylation. To verify that the ubiquitin chains on Bcl10 were of a linear linkage, we treated Bcl10 precipitates with recombinant linkage-specific deubiquitylases. OTULIN is a linear ubiquitin-specific deubiquitylase that hydrolyzes linear polyubiquitin chains specifically (43, 44) , whereas AMSH-LP cleaves Lys-63-pUb chains specifically ( Fig.  1C ) (37, 45) . As expected, OTULIN but not AMSH-LP hydrolyzed nearly all of the linear polyubiquitin chains detected in the anti-Bcl10 precipitate (Fig. 1D ). These data indicated that TCR signaling results in the generation of linear ubiquitinylated Bcl10, Lin(Ub) n -Bcl10.
NEMO Recognizes Linear Ubiquitinylated Bcl10 in Stimulated T Cells-NEMO has previously been reported to recognize Bcl10 conjugated with Lys-63-linked ubiquitin chains during antigen receptor signaling (46) . However, more recent studies have demonstrated that NEMO exhibits a much higher affinity for linear ubiquitin multimers than Lys-63-linked multimers through its UBAN domain (36, 37) . We asked whether NEMO would bind the Lin(Ub) n -Bcl10 generated by TCR signaling. First, we immunoprecipitated NEMO from Jurkat T cells and probed the precipitate for high molecular weight species of Bcl10, which we did observe in cells stimulated with PMA/iono but not in unstimulated cells (Fig. 1E ). These high molecular weight Bcl10 species were specifically susceptible to OTULIN treatment, but not to AMSH-LP, verifying that they FIGURE 1. Bcl10 is ubiquitinylated with linear chains and recognized by NEMO during TCR signaling. A and B, Jurkat T cells (1 ϫ 10 8 /sample) were stimulated with anti-CD3/anti-CD28 antibodies or PMA/iono for the indicated times, and lysates were immunoprecipitated (IP) under denaturing conditions with anti-Bcl10 antibody, resolved on SDS-PAGE, and immunoblotted (WB) with the indicated antibodies. The migration of molecular mass markers is indicated at the right of the blot in kDa. The asterisks indicate nonspecific bands in the Western blotting. C, Lys-63-linked tetra-ubiquitin or linear tetra-ubiquitin recombinant proteins were incubated in the absence or presence of OTULIN or AMSH-LP deubiquitylases, resolved on SDS-PAGE, and immunoblotted with antibodies that recognize either linear (LinUb) or Lys-63-linked (K63Ub) ubiquitin chains. D, cell lysates from Jurkat T cells (1 ϫ 10 8 /sample) treated with or without PMA/iono for 30 min were immunoprecipitated with anti-Bcl10 antibody. Immunoprecipitates were incubated in the absence or presence of OTULIN, AMSH-LP, or both deubiquitylases, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. E, cell lysates from Jurkat T cells (1 ϫ 10 8 /sample) treated with or without PMA/iono for 30 min were immunoprecipitated with anti-NEMO antibody. Immunoprecipitates were incubated in the absence or presence of OTULIN, AMSH-LP, or both deubiquitylases, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. F, cell lysates from Jurkat T cells (1 ϫ 10 8 /sample) treated with or without PMA/iono for 30 min were subjected to pulldown with recombinant GST or GST-NEMO-UBAN 2 protein as indicated. Precipitates were resolved on SDS-PAGE and immunoblotted with anti-Bcl10 antibody. G, cell lysates from purified primary murine CD4 ϩ T cells (7.5 ϫ 10 7 /sample) treated with or without PMA/iono for 30 min were subjected to IP under denaturing conditions with anti-Bcl10 antibody, resolved on SDS-PAGE, and immunoblotted (WB) with the indicated antibodies. H, cell lysates from purified primary murine CD4 ϩ T cells (7 ϫ 10 7 /sample) treated with or without PMA/iono for 30 min were subjected to pulldown with recombinant GST-NEMO-UBAN 2 protein. Precipitates were resolved on SDS-PAGE and immunoblotted with anti-Bcl10 antibody.
represented Lin(Ub) n -Bcl10. The fact that OTULIN cleaved most, if not all, NEMO-associated polyubiquitinylated Bcl10 species indicated that the vast majority of polyubiquitinylated Bcl10 recognized by NEMO during TCR signaling is Lin(Ub) n -Bcl10 and not Lys-63-linked polyubiquitinylated Bcl10. Furthermore, the data suggest that Bcl10 is not conjugated appreciably with mixed linear and Lys-63-linked chains and that Lin(Ub) n -Bcl10 and Lys-63-linked polyubiquitinylated Bcl10 are distinct species. Next, we generated a recombinant GST fusion protein containing two copies of the NEMO UBAN domain, GST-NEMO-UBAN 2 . High molecular weight Bcl10 species associated with GST-NEMO-UBAN 2 , but not with the GST control, and only in lysates from stimulated Jurkat T cells (Fig. 1F ). In addition, unmodified Bcl10 did not bind GST-NEMO-UBAN 2 (Fig. 1F ). These data suggested that in stimulated Jurkat T cells, NEMO binds Lin(Ub) n -Bcl10 through its UBAN domain. To verify that Lin(Ub) n -Bcl10 is generated during TCR signaling in primary cells, murine CD4 ϩ T cells were purified from spleen and stimulated with PMA/ionomycin. We readily detected Lin(Ub) n -Bcl10 in lysates from stimulated pri-mary CD4 ϩ T cells after immunoprecipitating Bcl10 under denaturing conditions, followed by probing the precipitate with antibody specific for linear ubiquitin chains ( Fig. 1G ). Furthermore, Lin(Ub) n -Bcl10 was found in association with the GST-NEMO-UBAN 2 fusion only after signaling ( Fig. 1H ), confirming the generation of this intermediate in primary T lymphocytes.
HOIP Is Required for Linear Ubiquitinylation of Bcl10 and TCR-induced NF-B Activation-Because LUBAC is the only identified E3 ubiquitin ligase that is responsible for catalyzing the formation of linear polyubiquitin chains (33) (34) (35) , we expected that LUBAC would be responsible for TCR-induced linear polyubiquitinylation of Bcl10. We used CRISPR/Cas9 targeting to generate a Jurkat T cell clone deficient in HOIP, the catalytic subunit of LUBAC. HOIP-deficient Jurkat T cells failed to generate Lin(Ub) n -Bcl10 after anti-CD3/anti-CD28 cross-linking or PMA/iono treatment ( Fig. 2A ). As expected, we failed to detect the binding of Lin(Ub) n -Bcl10 to NEMO in HOIP-deficient Jurkat T cells ( Fig. 2B) , consistent with the requirement of HOIP catalytic activity for the generation of Lin(Ub) n -Bcl10. Furthermore, the TCR-induced activation of an NF-B-specific luciferase reporter, Ig 2 -IFN-LUC (7), was significantly compromised in HOIP-deficient T cells ( Fig. 2C ). Importantly, this defect in TCR signaling to NF-B activation could be rescued by the transient reintroduction of wild-type HOIP, but not by the catalytically dead C885S HOIP mutant ( Fig. 2C) , when expressed at equivalent levels ( Fig. 2D ). These results indicated that HOIP catalytic activity is required for TCR-mediated NF-B activation.
We also tested whether the SHARPIN subunit of LUBAC is also required for signal-induced linear ubiquitinylation of Bcl10 in T cells and for TCR signaling to NF-B. We generated a Jurkat T cell clone deficient in SHARPIN using CRISPR/Cas9 and found, surprisingly, that Lin(Ub) n -Bcl10 was robustly generated in SHARPIN-deficient cells following PMA/ionomycin treatment ( Fig. 2E ). The absence of SHARPIN did not significantly diminish the signal-induced association of Lin(Ub) n -Bcl10 with the UBAN domain of NEMO ( Fig. 2F ) or the activation of NF-B in response to TCR cross-linking ( Fig. 2G ). The data revealed that SHARPIN is not required for HOIP-dependent signaling to NF-B downstream of TCR engagement.
CARD11 and MALT1 Are Required for Linear Ubiquitinylation of Bcl10 -Bcl10 is inducibly recruited to CARD11 as a consequence of TCR signaling (5, 15, 47) . To test whether CARD11 is required for the linear ubiquitinylation of Bcl10, we generated CARD11-deficient Jurkat T cells using CRISPR/Cas9 targeting. CARD11-deficient Jurkat T cells displayed a lack of Lin(Ub) n -Bcl10 generation (Fig. 3A) , association of polyubiquitinylated Bcl10 with NEMO ( Fig. 3B ), and NF-B reporter activation ( Fig. 3C) following TCR cross-linking or PMA/iono treatment. Similarly, MALT1-deficient Jurkat T cells generated by CRISPR/Cas9 targeting also failed to generate Lin(Ub) n -Bcl10 upon PMA/ionomycin treatment ( Fig. 3D ) or exhibit the association of polyubiquitinylated Bcl10 with NEMO ( Fig. 3E ) or TCR-induced NF-B activation (Fig. 3F ). The data suggested that CARD11 and MALT1 are both required for the signalinduced action of LUBAC on Bcl10 during TCR signaling.
CARD11 Associates with HOIP and Promotes the Targeting of Bcl10 by HOIP-Next, we probed whether CARD11 (Fig. 4A ) associates with HOIP in T cells. We treated Jurkat T cells with PMA/iono and found in immunoprecipitation experiments that CARD11 and HOIP associate in a signal-dependent manner to an extent that peaks 30 min after stimulation (Fig. 4B ). CARD11 undergoes a transition during antigen receptor signaling from a closed inactive state to an open active scaffold. This transition is controlled by an ID that participates in intramolecular interactions involving the CARD, LATCH, and coiled-coil domains (15, 31) . Antigen receptor ligation results in the neutralization of the inhibitory action of the ID, mediated in part by the phosphorylation of the ID on specific serine residues (18, 19) . This neutralization of the ID causes it to disengage from the CARD, LATCH, and coiled-coil, which then allows these domains to recruit other signaling cofactors to CARD11, including Bcl10, TRAF6, NEMO, and caspase-8 (15) . Recently, we reported that the inhibitory activity of the ID is accomplished by four REs, which function cooperatively with redundancy (16, 17) . The fact that HOIP and CARD11 associated in a signal-dependent manner suggested that the CARD11 ID and the REs within it might control CARD11 binding to HOIP. Consistent with this prediction, we found that the IDdeleted CARD11 variant CARD11⌬ID robustly associated with HOIP after co-expression in HEK293T cells, although wildtype CARD11 did not ( Fig. 4C ). Furthermore, mutation of all four REs allowed HOIP to associate with CARD11 ( Fig. 4C ), although single RE mutations did not ( Fig. 4C) , consistent with the conclusion that the REs cooperatively prevent HOIP from binding CARD11 in the absence of TCR engagement. We then used a panel of double-deletion CARD11 variants of CARD11⌬ID to probe which CARD11 domains were required for the HOIP-CARD11 association. We found that the CARD11 coiled-coil was required for this association, although all other regions of CARD11 were dispensable (Fig. 4D ).
Because CARD11 inducibly binds both Bcl10 and HOIP during TCR signaling, we suspected that CARD11 might function to recruit HOIP to Bcl10 in response to TCR engagement. Consistent with this hypothesis, we found that endogenous HOIP and Bcl10 associated in a stimulation-dependent manner in Jurkat T cells ( Fig. 4E ) and that this induced HOIP-Bcl10 interaction was severely diminished in CARD11-deficient T cells (Fig. 4E ). Furthermore, after overexpression in HEK293T cells, we showed that the association of HA-Bcl10 with FLAG-HOIP could be stimulated by co-expression of the constitutively open scaffold CARD11⌬ID but not by wild-type CARD11, which is constitutively closed and inactive at these levels of expression in HEK293T cells (Fig. 4F) . The results supported the notion that the scaffold activity of CARD11, induced by TCR triggering, promotes the targeting of Bcl10 by HOIP via co-recruitment to CARD11.
Two Independent HOIP Domains Associate with CARD11-We next mapped the regions of HOIP (Fig. 5A ) involved in the association with CARD11. After expression in HEK293T cells, we found that the 1-625 N-terminal portion of HOIP containing the PUB, ZF, and UBA domains (48) could readily associate with CARD11⌬ID, and interestingly, the 626 -1072 C-terminal portion containing the core RBR catalytic domain could independently co-immunoprecipitate with CARD11⌬ID ( Fig. 5B) . A deletion series of the 1-625 fragment suggested that a region containing the two Npl4-type zinc fingers between residues 348 and 440 mediated CARD11 association (Fig. 5C ). A similar approach with the 626 -1072 fragment revealed that the region between 626 and 778, which contains Ring Finger 1 in the RBR domain was also sufficient for CARD11 association (Fig. 5D ). Thus, two separate regions of the HOIP protein can associate with CARD11.
Linear Ubiquitinylation of Bcl10 Requires Lysines 17, 31, and 63-Our next goal was to map residues within Bcl10 that were required for its signal-induced linear ubiquitinylation. Because linear ubiquitinylation by LUBAC is thought to extend chains from an initial ubiquitin that is conjugated to a lysine residue on the substrate protein (48, 49) , we individually mutated 12 lysines in Bcl10 to arginine in the context of FLAG-Bcl10 and assayed the mutants for linear ubiquitinylation after retrovirusmediated stable expression in Jurkat T cells. We found that the mutation of Lys-17, Lys-31, or Lys-63 reduced the extent of Lin(Ub) n -Bcl10 generation following PMA/iono treatment, although the mutation of other lysines had no significant effect (Fig. 6A) . Importantly, the K17R, K31R, and K63R Bcl10 mutants were fully competent to bind to both CARD11⌬ID (Fig. 6B ) and MALT1 (Fig. 6C ) after co-expression in HEK293T cells, indicating that these lysine-to-arginine mutations did not affect Bcl10 folding or the interaction with its other known signaling partners.
We next tested whether these mutants could reconstitute TCR signaling to NF-B in Jurkat T cells that had been made Bcl10-deficient by TALEN-mediated gene editing. PMA/iono treatment of these Bcl10-deficient Jurkat T cells failed to activate the Ig 2 -IFN-LUC reporter, but signaling could be rescued upon transient expression of wild-type Bcl10 (Fig. 6, D and E) . Transient expression of the K17R, K31R, or K63R Bcl10 mutants resulted in impaired Ig 2 -IFN-LUC reporter activation by PMA/iono treatment ( Fig. 6D) , in contrast to the other mutants tested, suggesting a correlation between the linear ubiquitinylation of Bcl10 and the activation of NF-B downstream of PMA/ionomycin treatment. However, Bcl10 residues Lys-31 and Lys-63 have also been reported to be required for the conjugation of Bcl10 with Lys-63-linked ubiquitin chains (46) , although the contribution of Lys-17 to this process has not been previously addressed. To address whether Lys-17 was specifically required for linear and not Lys-63-linked ubiquitinylation of Bcl10, we reconstituted Bcl10-deficient Jurkat T cells with stable expression of Bcl10 K17R (Fig. 6F ) and assayed its ability to be inducibly modified with polyubiquitin chains in comparison with wild-type Bcl10 and the K31R and K63R mutants. As shown in Fig. 6G , the K17R mutation significantly impaired the generation of both Lin(Ub) n -Bcl10 and Lys-63(Ub) n -Bcl10, similar to the effects of the K31R and K63R substitutions. We next used these Bcl10-reconstituted Jurkat T cells to assess the quantitative contribution of these Bcl10 modifications to NF-B activation following a dose response of TCR cross-linking. The K17R mutation led to a 61-68% drop in TCR signaling to NF-B; the K31R mutation reduced signaling by 63-69%, and the K63R mutation reduced signaling by 48 -53% under these conditions (Fig. 6H) . The deletion of the HOIP subunit of LUBAC assayed after the same dose response resulted in a 51-68% drop in TCR signaling to NF-B (Fig. 6I) , an effect similar in extent to that observed with the Lys-17, Lys-31, and Lys-63 mutations of Bcl10. The fact that the lysine mutations, which affect both Lin(Ub) n -Bcl10 and Lys-63(Ub) n - sample) were stimulated with PMA/iono for the indicated times, lysed, and immunoprecipitated (IP) with anti-CARD11 antibody, resolved on SDS-PAGE, and analyzed by immunoblot with indicated antibodies. C, HEK293T cells (1 ϫ 10 6 /sample) were co-transfected with 100 ng of FLAG-HOIP expression vector and the following amounts of each CARD11 variant: WT (160 ng), ⌬ID (100 ng), re1 re2 re3 re4 (800 ng), re1 RE2 RE3 RE4 (600 ng), RE1 re2 RE3 RE4 (600 ng), RE1 RE2 re3 RE4 (600 ng), RE1 RE2 RE3 re4 (600 ng). The cell lysates were immunoprecipitated and analyzed by Western blotting (WB) with the indicated antibodies. Mutant repressive elements are indicated by blue lowercase letters, and wild-type repressive elements are indicated by red uppercase letters. D, HEK293T cells (1 ϫ 10 6 /sample) were co-transfected with 100 ng of FLAG-HOIP expression vector and the following amounts of each CARD11 variant: ⌬ID (100 ng), ⌬ID⌬CARD (480 ng), ⌬ID⌬L1 (120 ng), ⌬ID⌬CC (55 ng), ⌬ID⌬PDZ (50 ng), ⌬ID⌬L3 (200 ng), ⌬ID⌬SH3 (150 ng), ⌬ID⌬L4 (50 ng), and ⌬ID⌬GUK (90 ng). The cell lysates were immunoprecipitated and analyzed by Western blotting with the indicated antibodies. E, WT or CARD11-deficient (CARD11-KO) Jurkat T cells (6 ϫ 10 7 /sample) were stimulated with PMA/iono for the indicated times, and lysates were immunoprecipitated with anti-Bcl10 antibody, resolved on SDS-PAGE, and analyzed by immunoblot with indicated antibodies. F, HEK293T cells (1 ϫ 10 6 /sample) were co-transfected with 100 ng of FLAG-HOIP expression vector, 200 ng of HA-Bcl10, and the indicated amounts (ng) of either wild-type CARD11 or CARD11⌬ID. The cell lysates were immunoprecipitated and analyzed by Western blotting with the indicated antibodies.
Control of Lin(Ub) n -Bcl10 Generation in CARD11 Signaling
Bcl10, had effects comparable with the deletion of HOIP, which is a linear ubiquitin-specific E3 ligase, argues in favor of Lin(Ub) n -Bcl10 being the more critical signaling intermediate for TCR-mediated NF-B activation. This notion is consistent with our observation (Fig. 1E ) that most, if not all, of the polyubiquitinylated Bcl10 that binds to NEMO during signaling is Lin(Ub) n -Bcl10 and not Lys-63(Ub) n -Bcl10.
Oncogenic CARD11 Mutants Spontaneously Induce Linear Ubiquitinylation of Bcl10 in a Manner That Correlates with
Signaling Output-We have previously shown that many oncogenic CARD11 variants, associated with ABC DLBCL, have an enhanced ability to bind Bcl10 due to the fact that their gain-of-function mutations interfere with autoinhibition mediated by the ID (30, 31) . We tested whether oncogenic mutations also confer enhanced binding to HOIP. We used four hyperactive alleles that display a range of signaling potency, C49Y, E93D, T112I, and G123D (31) . After co-expression in HEK293T cells, each of these variants associated with HOIP at concentrations that the wild-type CARD11 did not (Fig. 7A ). Their constitutive ability to bind both Bcl10 (31) and HOIP suggested that they might spontaneously promote the action of HOIP on Bcl10 and the generation of Lin(Ub) n -Bcl10, even in the absence of receptor signaling. To test this, we stably expressed these mutants as fusions to mCherry in Jurkat T cells using retroviral transduc- tion. As shown in Fig. 7B , the oncogenic CARD11 variants did indeed elicit the spontaneous generation of Lin(Ub) n -Bcl10. In addition, the Lin(Ub) n -Bcl10 generated by each of these hyperactive variants was recognized by the UBAN domain of NEMO, as indicated by their association with the GST-NEMO-UBAN 2 fusion protein (Fig. 7C) . Furthermore, the steady state level of Lin(Ub) n -Bcl10 observed in the presence of each mutant correlated well with the degree of NF-B activation elicited by each mutant, as measured by induction of the Ig 2 -IFN-LUC reporter (Fig. 7D ). To confirm a functional role for HOIP in oncogenic CARD11 signaling, we transiently expressed these mutants in HOIP-deficient and control Jurkat T cells. As predicted, the activity of each CARD11 variant was significantly reduced in the absence of HOIP (Fig. 7E) .
We next tested whether the C49Y, E93D, and G123D oncogenic CARD11 variants could promote the physical association FIGURE 6. NF-B activation by TCR signaling requires the linear ubiquitinylation of Bcl10. A, Jurkat T cells (1 ϫ 10 8 /sample) expressing the indicated FLAG-Bcl10 variants were stimulated with PMA/iono for 30 min, and cell lysates were subjected to pulldown with recombinant GST-NEMO-UBAN 2 protein, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. B, HEK293T cells (1 ϫ 10 6 /sample) were co-transfected with myc-CARD11 ⌬ID (200 ng) and the indicated FLAG-Bcl10 variants (100 ng). The cell lysates were immunoprecipitated (IP) and analyzed by Western blotting (WB) with the indicated antibodies. C, HEK293T cells (1 ϫ 10 6 /sample) were co-transfected with HA-MALT1 (500 ng) and the indicated FLAG-Bcl10 variants (100 ng). The cell lysates were immunoprecipitated and analyzed by Western blotting with the indicated antibodies. D, Bcl10-deficient (Bcl10-KO) Jurkat T cells were transfected with 200 ng of CSK-LacZ and 1500 ng of Ig 2 -IFN-LUC and the indicated FLAG-Bcl10 variants (100 ng each). After about 40 h, the cells were stimulated with or without PMA/iono for 5 h, and then luciferase reporter assays were performed. Each graph represents the mean Ϯ S.D. of three independent experiments done in triplicate. ***, p Ͻ 0.001; **, p Ͻ 0.01. E, lysates from WT or the Bcl10-KO Jurkat T cells used in D were resolved by SDS-PAGE and analyzed by Western blotting with the indicated antibodies. F, lysates from Bcl10-deficient Jurkat T cells (Bcl10-KO) and derivative lines stably expressing the indicated FLAG-Bcl10 variants were resolved by SDS-PAGE and analyzed by Western blotting with anti-Bcl10 antibody. G, Bcl10-KO Jurkat T cells stably reconstituted with the indicated FLAG-Bcl10 variants (1 ϫ 10 8 /sample) were stimulated with or without PMA/iono for 30 min, and lysates were immunoprecipitated under denaturing conditions with anti-Bcl10 antibody, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. H, Bcl10-KO Jurkat T cells stably reconstituted with the indicated FLAG-Bcl10 variants were transfected with 200 ng of CSK-LacZ and 1500 ng of Ig 2 -IFN-LUC and stimulated with or without the indicated dose of anti-CD3/anti-CD28 for 5 h, and then luciferase reporter assays were performed. Each graph represents the mean Ϯ S.D. of three independent experiments done in triplicate. I, WT or HOIP-KO Jurkat T cells were transfected with 200 ng of CSK-LacZ and 1500 ng of Ig 2 -IFN-LUC and stimulated with or without the indicated dose of anti-CD3/anti-CD28 for 5 h, and then luciferase reporter assays were performed. Each graph represents the mean Ϯ S.D. of three independent experiments done in triplicate. The Bcl10-deficient cells used in D and E were generated using TALEN technology, and the Bcl10-deficient cells used in F-H were generated using CRISPR/Cas9 technology.
FIGURE 7. Oncogenic CARD11 mutants spontaneously induce the linear ubiquitinylation of Bcl10 in a manner that correlates with signaling output.
A, HEK293T cells (1 ϫ 10 6 /sample) were co-transfected with FLAG-HOIP (100 ng) and the indicated myc-CARD11 variants (150 ng). The cell lysates were immunoprecipitated (IP) and analyzed by Western blotting (WB) with the indicated antibodies. B, Jurkat T cells (1 ϫ 10 8 /sample) stably expressing the indicated myc-CARD11-mCherry variants were stimulated with or without PMA/iono for 30 min, and cell lysates were immunoprecipitated (IP) with anti-Bcl10 antibody, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. C, Jurkat T cells (1 ϫ 10 8 /sample) stably expressing the indicated myc-CARD11-mCherry variants were stimulated with or without PMA/iono for 30 min, and cell lysates were subjected to pulldown with recombinant GST-NEMO-UBAN 2 protein, resolved on SDS-PAGE, and immunoblotted with the indicated antibodies. D, Jurkat T cells stably expressing the indicated myc-CARD11-mCherry variants were transiently transfected with 200 ng of CSK-LacZ and 1500 ng of Ig 2 -IFN-LUC. After about 40 h, the cells were stimulated with or without PMA/iono for 5 h, and then luciferase reporter assays were performed. between HOIP and Bcl10. After co-expression in HEK293T cells, each of these hyperactive CARD11 variants could stimulate the amount of HA-Bcl10 that co-immunoprecipitated with FLAG-HOIP, although wild-type CARD11 could not (Fig. 7F) .
We then used Bcl10-deficient Jurkat T cells to test whether Bcl10 Lys-17, which is required for both Lin(Ub) n -Bcl10 and Lys-63(Ub) n -Bcl10 generation, was also required for NF-B activation by oncogenic CARD11 variants. As shown in Fig. 7G , each CARD11 variant tested displayed greater signaling to NF-B in the presence of wild-type Bcl10 than in the presence of Bcl10 K17R. We then used a dose response of CARD11 C49Y expression to gauge the quantitative contribution of Bcl10 polyubiquitinylation and HOIP activity to oncogenic CARD11 signaling. As shown in Fig. 7H , the reconstitution of Bcl10deficient cells with the K17R mutant resulted in a drop in oncogenic C49Y signaling of 57-62%. Similarly, the absence of HOIP led to a 56 -61% drop in C49Y-mediated activation of NF-B (Fig. 7I) . The results support the conclusion that oncogenic CARD11 signaling proceeds maximally through HOIPdependent polyubiquitinylation of Bcl10.
Discussion
Our findings highlight Lin(Ub) n -Bcl10 as an important intermediate in TCR signaling to NF-B and reveal several molecular determinants that allow CARD11 to promote HOIP action on Bcl10 in a signal-regulated manner (Fig. 8A ). Prior to TCR engagement, the REs in the CARD11 ID prevent the association of Bcl10 (17) and HOIP to CARD11. Upon receptor triggering, the autoinhibitory roles of the REs are neutralized, allowing HOIP recruitment to CARD11 in an interaction that involves the CARD11 coiled-coil and two separate regions of HOIP, one containing Ring Finger 1 in the RBR domain, and another containing the two Ndl4-like zinc fingers. As previous studies have shown (5, 15, 47) , Bcl10 is concomitantly recruited to CARD11 in a manner that requires both the CARD and coiled-coil domains of CARD11 and the CARD domain of Bcl10. The corecruitment of HOIP and Bcl10 to CARD11 allows action of the enzyme on its substrate, leading to the generation of Lin(Ub) n -Bcl10, which subsequently associates with the NEMO subunit of the IKK kinase complex through its UBAN domain.
During TCR signaling, Bcl10 is conjugated with both Lys-63linked ubiquitin chains to produce Lys-63(Ub) n -Bcl10 (46) and with linear ubiquitin chains to produce Lin(Ub) n -Bcl10 (this study). Our data suggest that these are separate species and that Bcl10 is not appreciably conjugated with mixed Lys-63-linked and Met-1-linked chains, because OTULIN, and not AMSH-LP, cleaves the Lin(Ub) n -Bcl10 species that we detect. It has been previously shown that the induced generation of Lys-63(Ub) n -Bcl10 requires CARD11, MALT1, and Bcl10 lysines Lys-31 and Lys-63 (46) , and our results indicate that these same determinants, in addition to Bcl10 lysine 17, are also required for TCR induced Lin(Ub) n -Bcl10 generation. However, our analyses with linkage-specific deubiquitinases clearly indicate DECEMBER 9, 2016 • VOLUME 291 • NUMBER 50 that it is predominantly Lin(Ub) n -Bcl10, not Lys-63(Ub) n -Bcl10, that associates with NEMO. The fact that mutation of Lys-17, Lys-31, and Lys-63 on Bcl10 has effects on NF-B activation that are quantitatively comparable with that achieved by the knock-out of HOIP, the linear linkage-specific E3 ligase, supports the notion that it is Lin(Ub) n -Bcl10 that is important in signaling, although other interpretations of the data are possible. Several previous studies that have used the effect of Lys-31 and Lys-63 Bcl10 mutations to conclude an important functional role for Lys-63(Ub) n -Bcl10 in signaling (42, 46, 50, 51) , including some from our own group (30) , must be reevaluated in the light of our finding that these residues are also required for Lin(Ub) n -Bcl10. The functional effects observed in these studies may have been due to Lin(Ub) n -Bcl10 and not necessarily solely to Lys-63(Ub) n -Bcl10.
Control of Lin(Ub) n -Bcl10 Generation in CARD11 Signaling
Our data also establish that several hyperactive oncogenic CARD11 variants found in ABC DLBCL spontaneously induce the generation of Lin(Ub) n -Bcl10 even in the absence of upstream signaling (Fig. 8B) . These mutations enhance the association of CARD11 with both HOIP and Bcl10 (31), allowing the association between enzyme and substrate to occur without antigen receptor-induced neutralization of RE inhibitory function. Importantly, for the oncogenic variants we examined, the extent to which they spontaneously bind HOIP and Bcl10 (31) correlates with the steady-state levels of Lin(Ub) n -Bcl10 that they produce, the amount of conjugated Bcl10 that associates with NEMO, and with the signaling potential of each variant to activate NF-B. Because the potential to activate NF-B can determine the growth and survival of ABC DLBCL lymphoma cells (24, 31) , it is highly likely that the quantitative ability of an oncogenic variant to generate Lin(Ub) n -Bcl10 could reflect its relative growth-promoting potential in lymphoma.
It is important to point out that our analyses in HOIP-KO cells and in Bcl10-KO cells reconstituted with lysine mutants indicate that HOIP activity and Bcl10 polyubiquitin modification only account for up to 69% of the normal TCR signaling pathway to NF-B and only up to 62% of the signaling output of oncogenic CARD11. The deletion of Bcl10, MALT1, and CARD11 each results in a larger diminution of signaling, making it clear that other steps in signaling that are Bcl10-, CARD11-, and MALT1-dependent are critical for determining signaling output. The residual signaling that does not depend on HOIP may explain why some reports (39, 40) have not seen a dependence on HOIP catalytic activity on signaling, if their assays of activation were not performed under subsaturating conditions or measured outputs that are produced at equivalent levels beyond a certain threshold of pathway induction.
It is interesting that TCR signaling to NF-B depends on the HOIP subunit of LUBAC but not on SHARPIN. The LUBAC complex involved in this TCR pathway must therefore function differently in the context of TNF␣, IL-1, and CD40L signaling, which have been shown to be SHARPIN-dependent (33) (34) (35) . Although many cell types contain a LUBAC complex containing HOIP, HOIL-1L, and SHARPIN, several studies have shown that HOIP⅐HOIL-1L and HOIP⅐SHARPIN complexes are sufficient to display LUBAC activity in vitro (33) (34) (35) 48) and that the binding of either HOIL-1L or SHARPIN to HOIP can relieve autoinhibition conferred by domains of HOIP that lie N-terminal to the RBR catalytic core (52) (53) (54) . Because CARD11 can associate with the region in HOIP that contains the Npl4-type zinc fingers, as well as with a region that contains Ring Finger 1 in the RBR, it is possible that CARD11 binding relieves HOIP autoinhibition and obviates the need for SHARPIN in the TCR pathway. Further experiments will be required to explore this possibility. We were unable to isolate Jurkat T cells with complete knock-out of HOIL-1L and therefore could not evaluate whether HOIL-1L is required during TCR signaling. However, recent studies have shown that a key target of MALT1 proteolytic activity during antigen receptor signaling is the HOIL-1L protein and that MALT1-mediated cleavage of HOIL-1L attenuates antigen receptor induction of LUBAC activity (55, 56) , which clearly implicates a role for HOIL-1L in supporting HOIP catalytic activity during antigen receptor signaling to NF-B.
Lin(Ub) n -Bcl10 emerges from our studies as a signaling intermediate whose levels reflect the extent of TCR and oncogenic CARD11 signaling to NF-B. Yang et al. (42) recently reported that inhibitors of cIAPs can prevent the generation of Lin(Ub) n -Bcl10 and NF-B activation in ABC DLBCL samples that exhibit chronic BCR signaling. However, ABC DLBCL cells containing an oncogenic CARD11 allele were not affected by cIAP inhibitors (42) , indicating that oncogenic CARD11 mutations that promote HOIP action on Bcl10, and spontaneously generate Lin(Ub) n -Bcl10 without upstream BCR signaling, bypass the need for cIAP activity in signaling to NF-B. Therapeutic agents that directly target the HOIP-mediated generation of Lin(Ub) n -Bcl10 may be especially useful for reducing the levels of dysregulated constitutive NF-B activity associated with cases of ABC DLBCL that harbor oncogenic CARD11 mutations.
Experimental Procedures
Cell Lines-HEK293T cells and Jurkat T cells were obtained from American Tissue Culture Collection and cultured as described previously (57) .
Expression Constructs-CARD11 constructs, including CARD11⌬ ID and double deletion constructs (15) , and constructs encoding oncogenic CARD11 mutants (31) and RE mutants (16, 17) have been previously described. pGEX4T-1-NEMO-UBAN (amino acids 242-350) was kindly provided by Jonathan D. Ashwell (NCI, National Institutes of Health, Bethesda), and this vector was modified by standard cloning techniques to generate pGEX4T-1-NEMO-UBAN 2 . FLAG-HOIP WT was a gift from Jae U. Jung (Keck School of Medicine, University of Southern California, Los Angeles), and the deletion mutants of FLAG-HOIP were cloned by standard molecular biology techniques. Mammalian expression plasmids for HA-tagged Bcl10 and MALT1 were constructed using standard techniques in the pRK7 vector. The Bcl10 KR mutants and HOIP-C885S mutant were created using QuikChange site-directed mutagenesis (Stratagene) of pMSCVpuro-FLAG-Bcl10 (Addgene plasmid 18718) and pCMV3FLAG8HOIP (Addgene plasmid 50015) vectors, respectively.
Antibodies-Antibodies used were purchased as follows: mouse monoclonal antibody against Bcl10 (331.3, sc-5273), resolved by SDS-PAGE, and transferred to PVDF membranes for Western blotting with the indicated antibodies. Mouse CD4 ϩ T cells were purified from the spleen of B6 mice using a CD4 ϩ T cell isolation kit (Miltenyi Biotec). Purified mouse CD4 ϩ T cells (7.5 ϫ 10 7 /sample) were stimulated with or without 50 ng/ml PMA (Sigma) and 1 M iono (Sigma) for 30 min at 37°C, prior to lysis with DIPLB and analysis as described above.
Immunoprecipitations in HEK293T Cells-At 1 day prior to transfection, 5 ϫ 10 5 HEK293T cells were plated in each well of a 6-well plate. A total of 2 g of DNA per well was transfected using the calcium phosphate method. The medium was changed 24 h post-transfection, and the cells were harvested about 40 h post-transfection. Cells were lysed in 500 l of immunoprecipitation lysis buffer (IPLB, 150 mM NaCl, 50 mM HEPES, pH 7.9, 1 mM EDTA, 10% glycerol, 1% Igepal) and incubated 20 min on ice, and debris was cleared by centrifugation at 13,000 rpm at 4°C. Cell lysate (30 l) was saved for Western blotting analysis, and 450 l was incubated with 1 g of anti-FLAG antibody (Sigma F7425) for 4 h at 4°C with rotation. A 10-l bed volume of protein G-Sepharose 4 Fast Flow (GE Healthcare) was added, and the mixture was incubated for 2 h at 4°C with rotation. The resulting immunocomplex was washed with IPLB four times for 5 min at 4°C with rotation, eluted twice with FLAG peptide (Sigma), pooled, and resolved for Western blotting analysis using the indicated antibodies.
Treatment with Deubiquitylase-The ubiquitinylated Bcl10 captured by GST-NEMO-UBAN 2 , anti-Bcl10, or anti-NEMO antibody was washed three times with 1 ml of DUB-lysis buffer (20 mM Tris⅐HCl, pH 7.5, 150 mM NaCl, 30 mM NaF, 2 mM Na 4 P 2 O 7 , 1 mM EDTA, 10% glycerol, 1% Triton X-100, 5 mM N-ethylmaleimide, 1:1000 protease inhibitor mixture (Sigma P8340)) and once with 1 ml of wash buffer (50 mM Tris⅐HCl, pH 7.5, 50 mM NaCl, and 5 mM DTT). Following the last wash, the beads were resuspended in 30 l of reaction buffer (50 mM HEPES, pH 7.5, 100 mM NaCl, 2 mM DTT, 1 mM MnCl 2 , 0.01% (w/v) Brij-35) with or without OTULIN (1 M) or AMSH-LP (5 M). After incubation for 60 min at 30°C, incubations were subjected to SDS-PAGE, and the protein gels were transferred to PVDF membranes and immunoblotted with the appropriate antibodies.
Stable Expression of myc-CARD11 Variants and FLAG-Bcl10 Variants in Jurkat T Cells-CARD11 and Bcl10 variants were expressed in the context of pCLIP3A-myc-CARD11-mCherry (31) and pMSCVpuro-FLAG-Bcl10 (46) retroviral vectors, respectively. To package the retroviruses, HEK293T cells were plated at 1 ϫ 10 5 cells per well in a 24-well plate and transfected 24 h later using the calcium phosphate method with 90 ng of pCL-SIN-Ampho, 90 ng of pCMV-VSVg, and 230 ng of retroviral vector. The medium was replaced with 500 l of RPMI 1640 medium 24 h post-transfection. Supernatants containing viral particles were harvested 48 h post-transfection after cell debris was cleared by centrifugation at 5000 rpm for 5 min. Viral supernatant (400 l) was added to 5 ϫ 10 6 Jurkat T cells in a final volume of 2.4 ml in a 6-well plate. Approximately 24 h postinfection, cells were resuspended in fresh RPMI 1640 medium containing 0.5 g/ml puromycin and selected for 2 weeks. Puromycin-resistant Jurkat T cell lines were maintained in media containing 0.5 g/ml puromycin.
Glutathione-Sepharose Pulldowns-Mouse CD4 ϩ T cells were purified from the spleens of B6 mice using a CD4 ϩ T cell isolation kit (Miltenyi Biotec). Purified mouse CD4 ϩ T cells (7 ϫ 10 7 /sample) or Jurkat T cells (1 ϫ 10 8 /sample) were stimulated with or without 50 ng/ml PMA (Sigma) and 1 M iono (Sigma) for 30 min at 37°C. Cells were lysed in IPLB. Cell lysates were supplemented with 1 g of purified GST protein or GST-NEMO-UBAN 2 protein and then incubated for 12 h at 4°C with rotation, followed by incubation with a 20-l bed volume of glutathione-Sepharose 4B beads (Amersham Biosciences) for 2 h at 4°C with rotation. The bead-bound complexes were washed with IPLB four times for 5 min at 4°C with rotation, resolved by SDS-PAGE, and immunoblotted with the indicated antibodies.
Endogenous Co-immunoprecipitations in Jurkat T Cells-6 ϫ 10 7 Jurkat T cells/sample were stimulated for the indicated times and then centrifuged for 5 min at 4600 rpm. Cell pellets were resuspended in 1.2 ml of IP Lysis Buffer, incubated for 20 min on ice, and cell debris was cleared by centrifugation at 13,000 rpm 4°C. Lysates were then precleared by incubating with 7-l bed volume protein G-Sepharose (Amersham Biosciences) twice for 30 min at 4°C with rotation. A 30-l aliquot was removed for input analysis, and the remaining lysate was incubated with rotation overnight at 4°C with 2 g of the indicated antibodies. The next day, protein G-Sepharose (10-l bed volume) preblocked with 1% human insulin was added to the samples and incubated for 1 h at 4°C with rotation. The beads were then washed with rotation four times for 5 min at 4°C with IP Lysis Buffer and then resolved by SDS-PAGE. Immunoprecipitates were analyzed by Western blotting using the indicated antibodies.
Statistical Analysis-All experiments presented have been performed a minimum of three times. A two-tailed unpaired Student's t test with unequal variance was used to analyze data, and p values of Ͻ0.05 were considered significant.
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